A new method is proposed to predict adsorption equilibria of mixtures of solvent and water vapor on activated carbon. It is based on evaluating the amounts of solvent and water in the capillary condensed phase in the fine pores and in the ordinary adsorbed phase in the coarse pores, respectively. Predicted results are comparedwith experimental ones on two kinds of activated carbons having different pore-size distributions for water-soluble solvents (methanol and acetone) and water-insoluble solvents (benzene and toluene), respectively. Both results agree fairly well.
Introduction
Recently the adsorption process of removing and recovering organic solvents from air by activated carbon has been attracting special interest from the aspect of protecting the environment from pollution.
In mostcases, water vapor coexists in the range from low concentration to nearly saturated state, and the concentration of solvent vapor is low. Thus it is important to evaluate the influence of humidity on adsorption equilibria of organic solvents. When humidity is high, capillary condensation of water vapor takes place and the adsoption of solvents is hindered5}.
A number of methods1'8'9'1^has been proposed to predict an adsorption equilibrium of mixtures from the isotherms of the single components. However, they cannot be applied to the case with capillary condensation to be studied here.
The purpose of the present paper is to predict the adsorption equilibria for mixtures of solvent vapor in the range of low concentration and water vapor which causes capillary condensation in fine pores of the carbons. Predicted values are compared with experimental ones.
Method for Prediction 1 Model of adsorption with capillary condensation
In the case with capillary condensation, it seems better to evaluate the amount adsorbed of each component as the sumof the amountdue to capillary condensation in the fine pores and the vapor-phase adsorption onto the "dry surface", which means the surface Received September 12, 1977 . Correspondence concerning this article should be addressed to R. Toei.
of pores where capillary condensation does not take place.
For the dry surface, the following assumption is provided to estimate the amount adsorbed.
Assumption 1 : On the dry surface there usually exists only vapor-phase adsorption of organic solvent, and the amount adsorbed of water vapor is negligibly small because hydrophilic sites are far fewer than hydrophobic ones.
In the condensed phase, on the other hand, there take place the dissolution of organic component from the gas phase and successive liquid-phase adsorption onto the "wet surface", which means the surface of the pores where capillary condensation occurs. Figure 1 illustrates the adsorption model mentioned above. According to the above model, the amount of water vapor adsorbed qw is given as that in the condensed phase. The amount of organic solvent is expressed as the sum of that adsorbed on the dry surface qol, that dissolved into the condensed phase qo2 and that adsorbed onto the wet surface by liquid-phase adsorption #o3. formly on the surface of activated carbon independently of pore radius, the amount of solvent adsorbed onto the wet surface qoZ is given as Eq. (2) . qoz =qozSclST (2) where q°z denotes the equilibrium amount of liquidphase adsorption at the composition of capillary condensed phase, which can be determined by a separate liquid-phase adsorption experiment.
The volume of free liquid of condensed phase is given by subtracting the volume of adsorbate on the wet surface from Vc, and the amountofsolventdissolved qo2 is expressed by Eq. (3).
Similarly to the above, the amount of water in the condensed phase is given by Eq. (4). qw =pw{ Vc-(qO2+qos)lpo} (4) The amount adsorbed of solvent on the dry surface is given as Eq. (5) Fig. 2 ) by using the Kelvin equation, if pores are cylindrical.
r= -2(7VL cos a/(RTInp/ps) (6) That is to say, in choosing r/cosa instead of p/p8
as abscissa, the cumulative pore volumecurve can be obtained as shown in Fig. 3 . The cumulative surface area is expressed as 5=2 cos aS AV/r
r=0 where AV is the increase of pore volume between r/cosa and (r+Ar)/cosa, and f means the average pore radius between r and (r+Ar). The cumulative surface area curves calculated by Eq. (7) are also shown in Fig. 3 .
The Kelvin equation for a multicomponent system is given as Eq. (8) by assuming that the effect of curvature on the composition of capillary condensed phase is negligible under the conditions of the present work2) (see Appendix).
r=-2aVL cos a/(RTInpT/pf) (8) where/>*, a and VL change with the composition of the condensed phase which is determined from the isothermal vapor-liquid equilibrium. Accordingly the volume and surface area of capillary condensed phase can be determined by Eq. (8) and Fig. 3 . Figure 2 shows the adsorption hysteresis of water vapor for two kinds of activated carbons. The hysteresis is assumed to be mainly due to the difference between contact angle a in the adsorption step and that in the desorption step. Namely, r evaluated by Eq. (6) in the adsorption is smaller than in the desorption. Whensolvent vapor is adsorbed, the solvent molecules adsorbed appreciably modify the contact angle a. Thus in the present work two extreme cases are discussed. According to Assumption 3, the isotherm of the mixture has a hysteresis similar to that for water vapor, and Vc can be evaluated from the isotherm of water vapor ( Fig. 2) and Eq. (6) . Sc in the adsorptionstep is evaluated from Fig. 3 , for Vc equal to the amount adsorbed of water in the pure componentsystem of the same pressure (Fig. 2) .
According to the present method, q0 and qw can be calculated independently of a by using Eqs. (2), (3), (4) and (5).
Experimentals
Adsorption equilibria for the mixtures of solvent and water were determined in both adsorption and desorption steps to verify the model proposed in this study.
Acetone and methanol of research grade (water-soluble solvents) and benzene and toluene of research grade (water-insoluble solvents) were used. Twokinds of activated carbons having different adsorption properties for water vapor and different pore size distributions were evacuated to 10~3 mmHgat 200°C for 3 hours, and used. The properties of these carbons are listed in Table 1 . 1) Determination of equilibria in adsorption step Figure 4 shows the flow-type experimental apparatus used. After air (or nitrogen) from a gas cylinder at a certain constant flow rate was dehumidified in a dryer, part of it was diverted to a water saturator and returned to the main dry air stream to permit adjustment of the humidity to a certain level. A part of the mixed stream was then diverted to a solvent saturator and returned to the mainstream to obtain an arbitrary concentration of solvent vapor. This final stream was introduced to an adsorption cell of activated carbon. The adsorption cell and saturator were immersed in temperature-controlled water baths at 30°C. The whole apparatus was placed in a temperature-controlled chamber at 34°C to prevent condensation of water vapor in the line to the adsorption cell even at high concentration. Theconcentration of solvent and water vapor was analysed by a thermal conductivity detector and a flame ionization detector of the gas chromatograph.
The adsorption isotherms of the pure component systems were determined from the increase in weight of the adsorption cell. The equilibria of mixed vapor systems were determined as follows. First, the weight increase of the cell WTwas measured after equilibrium was achieved. The adsorbates were then desorbed by heating at 200°C for 3 hours and were trapped in a liquid nitrogen trap 9 . After the adsorbates were entirely desorbed, cock ll was shut and the solvent and water trapped were vaporized in the constant volumebetween cocks ll and 12, and the pressure increase Ap was measured by a mercury manometer. The amounts of each component were calculated by Eqs. (9) and (10) on the basis of the ideal gas law.
2) Determination of equilibria in desorption step
Highly humid air (or nitrogen) was introduced to the adsorption cell at 0°C to obtain the saturated state by water condensation in the pores of carbons. Then the mixed vapor of water and solvent at a prescribed concentration was directed into the cell, where solvent vapor was adsorbed and water was partially desorbed. The adsorption equilibria of mixed vapor were determined in the same wayas described for the adsorption step.
3) Determination of liquid-phase adsorption equilibria Activated carbon was mixed with the aqueous solution of solvent in a flask, and the flask was shaken for a week in a temperature-controlled water bath at 30°C. Amount adsorbed was determined from the Fig. 3) . studied. The experimental data of adsorption equilibria for mixed vapors are listed in Table 2 . The data of adsorption and desorption equilibria for solventwater vapor mixtures are presented in Table 3 . In Tables 2 and 3 , q°and q°w are alsolisted. Thedatain Table 3 show that the hysteresis is more outstanding for water-insoluble solvent than for water-soluble solvent.
The C and n are presented in Table 4 . On the other hand, water is adsorbed only on hydrophilic sites. Therefore the validity of Assumption 3 is certified, at least for the conditions examined.
3 Consideration of amount of solvent in condensed phase
In adsorption of saturated mixed vapor, r in Eq. (8) is inflnitesimally large and it can be supposed that the all pores in activated carbon are filled up with the condensed phase. As dry surface does not exist, the amount of solvent adsorbed is given as the sum of qo2 and qoZ. The comparison ofqo5 obtained from the adsorption experiment of saturated mixed vapor and the adsorbed amount given from the liquid-phase isotherm corresponding to the concentration of liquid phase in equilibrium with the mixed vapor is given in Fig. 7 . The agreement of these values verifies the model proposed here.
4 Comparisons of predicted and observed equilibrium
To predict the adsorption equilibria listed in Tables  2 and 3 , the adsorption and desorption isotherms of water (Fig. 2) where p'si is the vapor pressure of the pure liquid in the pore. The partial pressure and composition of the solution which has a curvature is related by where Tt is the activity coefficient of component /. The composition of capillary condensed phase can be determined from Eqs. (8), (A-l) and (A-2) so as to satisfy Eq. (A-4), if the activity coefficients remain constant as the curvature varies.
In the present work the difference of xt and x\ is less than a few [cc-liqui d/mol] [-] = mole fraction in capillary condensed phase [-] == contact angle = activity coefficient = density = surface tension 
